Geological setting and local geology
On a global scale, Iran is situated in the middle part of the Alpine-Himalayan orogenic belt that represents the great Tethys Sea during the Paleozoic-Mesozoic eras (Ghorbani, 2013) . Based on the structural classification of Iran (Berberian, 1981; Alavi, 1991; Aghanabati 1998 Aghanabati , 2005 , Iran is divided into several structural units ( Figure  1 ) and the eastern part of the Central Iran is divided into two parts. A strongly folded eastern part which is named Flysch zone (e.g., Eftekharnezhad, 1980; Ghorbani, 2013) and a western part that is called the Lut Block (Stocklin et al., 1968) . The Lut Block is surrounded by faults over some 900 km in the N-S direction and only 200 km wide in the E-W direction. The Hamech area is situated in the western part of Kuh-e-Shah volcanic-plutonic complex and eastern part of the Lut Block, where volcanic and subvolcanic rocks of Tertiary age cover over half of this zone due to the subduction prior to the collision of the Arabian and Asian plates (Camp and Griffis, 1982; Tirrul et al., 1983; Berberian et al., 1999) .
The geology of the Hamech area according to the detailed field and petrographic observations can be divided into four sections ( Figure 2 ): 1) Paleoceneto Middle Eocene-aged folded volcaniclastic and sedimentary sequences are composed of conglomerate, shale, sandstone, and tuff breccia. They outcropped in the southeast border of the study area. These lithologies are the oldest units in the Kuh-e-Shah volcanic-plutonic complex and have restricted outcrops in the southern part of altitudes and the Hamech area. In some parts, layering can be seen in sedimentary units and usually tuff breccia covers between them. Moreover, volcanic rocks do not have exposure in this part and exposure features and contact relationships between folded volcaniclastic and sedimentary sequences with intrusive rocks confirm their relative age ( Figure 3a) ; 2) The western part of the (Aghanabati, 1998; Rajabi et al., 2014) and location of the Lut and Tabas Blocks in Central Iranian Microcontinent (CIM). (b) Regional geologic map of eastern Iran (Mahdavi et al., 2016) along with the position of Kuh-e-Shah volcano-plutonic complex, at the east of the Lut Block. Eastern Iran igneous rocks and ophiolite outcrops are shown with red and black colors, respectively. Description: Kaybar Kuh, 43.3 Ma (Salati et al., 2012) ; Kuh-e-Robat-e-Shur, 42 Ma (Jung et al., 1983) ; Doshak, 41.1 Ma (Jung et al., 1983) ; Najmabad, 39.9 Ma (Moradi et al., 2011); Maherabad, 39 Ma (Malekzadeh Shafaroudi, 2009 ); Khopik, 38.2 Ma (Malekzadeh Shafaroudi et al., 2015) ; Dehsalm, 33.6 Ma (Arjmandzadeh, 2011); Chah-Shaljami, 33.3 Ma (Arjmandzadeh, 2011). study area (from south to west and northwest) is covered by Middle to Late Eocene-aged intermediate volcanic and pyroclastic rocks including andesite to trachy-andesitic lava, agglomerate, andesitic, dacitic, and rhyodacitic tuff and tuff. They have hill-shaped outcrops and their contact relationships with intrusive rocks well illustrate that they are older ( Figure 3b) ; 3) Late Eocene to Early Oligocene mafic to intermediate intrusive rocks that have intruded into the volcanic units as stocks with granular to porphyry texture and composition of gabbro to diorite, diorite to monzonite porphyry, and monzodiorite porphyry. They cover a major part of Kuh-e-Shah and the Hamech area and form altitudes in an E-W direction ( Figure 3c ); and 4) Quaternary sediments including old and young terraces, recent alluvium, and gravel fans that covered most of the volcanic units in the south to west lowlands of the study area. In some parts, young conglomerate can be seen as a horizontal layer on the other older units, especially volcanic rocks (Figures 3b and 3d ).
Material and methods
According to petrographic studies, among the samples with the minimum alteration, 13 low-altered samples from the studied intrusions were selected and analyzed for wholerock major elements by wavelength-dispersive X-ray Fluorescence (XRF) spectrometry using fused discs at Amethyst Laboratory in Mashhad, Iran. The XRF method is fast, accurate, and nondestructive, and usually requires only a minimum sample preparation. The concentration range goes from (sub) ppm levels to 100%. Generally speaking, the elements with high atomic numbers have better detection limits than the lighter elements. Using the XRF method, we can analyze elements from sodium to uranium but we cannot measure F, O, N, C, B, Be, Li, and H elements. For XRF, detection limits were reported as percentage (%) for major oxides and parts-per-million (ppm) for trace elements.
Refractory and rare earth elements (REEs) were carried out using lithium fusion and inductively coupled plasma mass spectrometry (LF100-ICP-MS) analysis, following a lithium metaborate/tetraborate fusion and Aqua Regia digestion, in the ACME Laboratories, Vancouver, Canada. This method offers increased sensitivity for REEs and trace elements occurring at low concentration levels (Cs, Ta, Th, U, Hf), with detection limits of around 0.01 ppm. ICP-MS is applicable to the determination of subμg/L concentrations of a large number of elements. Acid digestion is required prior to filtration and analysis. In LF100-ICP-MS analysis, detection limits (DLs) change for REEs from 0.01 ppm (Tb, Tm, and Lu) to 0.3 ppm (Nd) and for other trace elements from 0.1 ppm (Rb, Zr, Nb, Y, Cs, Ta, Hf, and U) to 8 ppm (V).
For U-Pb zircon dating, two rock samples were collected from gabbroic intrusions and volcanic units. After crushing and washing, zircon crystals were separated using heavy liquid techniques. Zircon grains were handpicked from each sample under a binocular microscope and then were cast in epoxy, polished to expose the centers of the grains and then cleaned in ultrasonic bath. Prior to the analysis, zircon contents were examined by cathode-luminescence (CL) imaging to study internal structure after carbon coating, using a Tescan CL detector instrument at Juniata College, PA, USA. After CL imaging, the LA-ICP-MS U-Pb analyses were conducted using a New Wave Nd:YAG UV 213-nm laser coupled to a Thermo Finnigan Element 2 single collector, double-focusing, and magnetic sector ICP-MS at the GeoAnalytical Lab, University of Washington, WA, USA. Operating procedures and parameters are similar to those of Chang et al. 's (2006) . U-Pb ages were calculated using Isoplot (Ludwig, 2007) 
Results

Petrography
The studied intrusive rocks are mostly gabbro, hornblende diorite, diorite porphyry, hornblende diorite porphyry, biotite-clinopyroxene quartz diorite porphyry, monzonite porphyry, biotite-hornblende monzonite porphyry, and hornblende-biotite-pyroxene monzodiorite porphyry (Figure 2 ). The characteristics of the main rocks are as follows.
Gabbroic rocks
According to exposure features and contact relationships observed in the field, the gabbro units are the youngest intrusive rocks in the Hamech area. The gabbroic rocks have an intergranular texture and minerals including 45-50 vol.% plagioclase (0.5-2 mm), 30-32 vol.% green hornblende with euhedral-subhedral shapes (0.3-1.5 mm), 10-12 vol.% needle-shaped actinolite (0.1-0.5 mm), and 5-7 vol.% pyroxene (0.5-0.6 mm). Mineralogically, these units are divided into gabbro and hornblende gabbro. Plagioclases are labradorite type and have low alteration. The rocks are greenish brown in hand samples and some of them contain weak silicification (as very small quartz grain in the matrix) and propylitic (very rare epidote + chlorite + calcite) alteration (Figure 4a ).
Dioritic rocks
Diorite porphyry, hornblende diorite porphyry, biotite pyroxene, and quartz diorite porphyry are most widely exposed intrusions in the middle part of the Hamech area. They look like stocks intruded into older lithologies, including volcanic and other intrusive rocks that mainly form altitudes. The dioritic rocks (Hornblende diorite) mainly consist of 65-70 vol.% plagioclase (0.5-3 mm), 15-20 vol.% hornblende (0.5-0.7 mm) and minor amounts of other minerals such as 1-3 vol.% biotite (0.5-0.7 mm), 1-3 vol.% pyroxene (0.5 mm), and a trace of opaque minerals. Most of the plagioclases are oligoclase and are slightly altered to kaolinite, sericite, and carbonate. Hornblendes mostly are green to brownish, green with euhedral shape, and altered to Fe-oxides and opaque mineral along with the minor amounts of chlorite, epidote, and carbonate ( Figure 4b ).
Other dioritic rocks (diorite porphyry to quartz diorite porphyry) typically contain as much as 50-55 vol.% phenocrysts and the main constituent is plagioclase (oligoclase) with 40-45 vol.% abundance and 0.5 to 1.2 mm thickness. Hornblende, pyroxene, biotite, and quartz are the other rock components whose quantities change between 2 to 10 vol.% and which have the main role in rock classification. In hornblende diorite porphyry, for example, hornblende content reaches 10 vol.% (Figure 4c ). Matrix of these rocks is mainly composed of plagioclase microcrystals and quartz, in the case of quartz diorite porphyry. Plagioclase is moderately altered to kaolinite, sericite, and carbonate in the quartz diorite porphyry and strongly altered in the hornblende diorite porphyry. Hornblende and quartz diorite porphyry show moderate silicification to quartz-sericite-pyrite (QSP) alteration.
Monzonitic rocks
The monzonite rocks have porphyritic texture, and mineralogically, are divided into monzonite porphyry, biotite-hornblende monzonite porphyry, and hornblende biotite pyroxene monzodiorite porphyry. The phenocrysts mainly consist of 20%-25% plagioclase (0.5-1.5 mm), 12-15 vol.% K-feldspar (0.5-1 mm), and minor amounts of other phenocrysts including 8-10 vol.% hornblende (0.5-1 mm), 4-5 vol.% biotite (0.7 mm), and 3-4 vol.% pyroxene (0.7 mm) (Figure 4d ). Plagioclases change in composition from oligoclase to andesine and are slightly altered to quartz, sericite, and carbonate. The matrix has the same combination with main phenocrysts. Alteration varies from moderate silicification to moderate quartzsericite-pyrite (QSP) in these units.
U-Pb zircon geochronology
Among the Hamech igneous rocks, two representative samples were chosen from mafic bodies (73E; gabbro) and volcanic units (28E; dacite) for zircon U-Pb dating. The dacite sample zircons (28E) are white to colorless, amorphous to an elliptical shape, small to large in size (50-250 µm), and show good oscillatory zoning in CL images, suggesting a magmatic origin (Figure 5a ). Zircons in the gabbro sample (73E) have similar characteristics (Figure 5b ). More than 100 zircon grains of the dacite sample and about 50 zircon grains from the gabbro sample were selected for LA-ICP-MS U-Pb zircon dating that provided 30 and 34 data points, with the weighted mean age being 36.9 ± 1.0 Ma (errors shown are 2ϭ) for gabbro zircons and 38.6 ± 0.5 Ma (errors shown are 2ϭ) for dacite zircons, respectively (Table 1 ). The dating of intrusive rocks in different parts of the Kuh-e-Shah complex (Malekzadeh Shafaroudi, 2009, Abdi and Karimpour, 2013; and Samiee et al., 2016) shows an age range of 31 to 39.7 Ma ( Table 2) .
The calculation results of the isotopic ages are presented as TuffZirc graphics and Concordia diagrams (Figures 6a, 6b; 73E-gabbro and Figures 6c and 6d; 28E-dacite). Contrary to the dacite example, where zircons indicate a range age from 36.0 to 54.1 Ma, ages more than 100 Ma (up to 2417 Ma; Table 1 ) were observed in the gabbro sample.
Whole-rock geochemistry
Major element geochemistry
For geochemical investigation, more than 200 rock samples were taken from the unaltered outcrops available at each locality. After petrography, the best samples were chosen to study chemical characteristics of the intrusive plutons. The representative whole rock major and trace elements of the Hamech intrusions are given in Table 3 . The SiO 2 content of the samples ranges from 56.62 to 60.83 wt.% and 45.90 to 51.80 wt.% for intrusions and gabbroic rocks, respectively. The samples exhibit a range in loss-on-ignition (LOI) content from approximately 1.37% to 3.41% (Table 3) . That LOI of some samples are more than 2% implies an alteration affect which is also seen in petrography. Also, the K 2 O + Na 2 O content changes from 5.60 to 7.35 wt.% for intrusions and 2.68 to 2.94 wt.% for gabbroic rocks. Based on the total alkali vs. silica (TAS) diagram of Middlemost (1985) , samples in the plot are situated in the field of monzonite, diorite, gabbro, and gabbroic diorite ( Figure 7a ). As mentioned in the petrography section, what is plotted in the field of gabbroic diorite is gabbro, which is slightly silicified. The values of ASI (alumina saturation index) < 1 and A/NK > 1 for all Hamech intrusions indicate their metaluminous origin and I-type granitoids (Figure 7b; Shand, 1949) . Using the K 2 O vs. SiO 2 nomenclature of Peccerillo and Taylor (1976) , the diorites and monzonites are classified as high-K (K 2 O between 2.42 and 4.0 wt.%) and the gabbro bodies in the tholeiitic magma series (K 2 O between 0.15 and 0.27 wt.%) (Figure 7c ). Plots of major elements vs. SiO 2 of the Hamech dioritic and monzonitic rocks are shown in Figure 8 . In these major element diagrams, SiO 2 shows a negative correlation with TiO 2 , Fe 2 O 3 , MnO, MgO, CaO, and P 2 O 5 and a positive correlation with Na 2 O, K 2 O, and Al 2 O 3 , which suggests that fractional crystallization has been affected during magmatic evolution.
Trace element geochemistry
In order to study the trace element geochemistry of the Hamech intrusive rocks, thirteen selected samples were analyzed from to different groups of rocks, gabbroic and dioritic type, by ICP-MS (Table 3) .
Trace elements were normalized to primitive mantle (Sun and McDonough, 1989 ; Figure 9a ) for dioritic and monzonitic rocks and gabbroic rocks. The intermediate and mafic intrusive rocks show different patterns. Results show that the dioritic rocks display similar averaged values of trace elements higher than those of gabbroic types. A significant negative anomaly of high field strength elements (HFSE) such as Nb, Ti, Ta, Zr, and Y and a positive anomalies of large ion lithophile elements (LILE) such as Cs, Rb, Ba, K, Th, and U are characteristics of the magmas associated with subduction zones (Wilson, 1989) .
Chondrite-normalized REEs (Boynton, 1985) of the Hamech intrusions are given in Figure 9b . The REEs' patterns in dioritic and monzonitic rocks, unlike gabbroic rocks, show a moderate enrichment of light rare earth elements (LREE) relative to heavy rare earth elements (HREE). The La N /Yb N and Ce N /Yb N change from 6.85 to 9.72 and from 4.87 to 7.07 in the dioritic and monzonitic rocks and from 0.46 to 0.80 and from 0.52 to 0.78 in gabbroic rocks, respectively (Table 3) . The Eu/Eu* ratio varies from 0.81 to 1.06 in all of the intrusive rocks, suggesting a lack or inconsiderable negative anomaly.
Even though the diagrams of Harker show a scattered distribution of trace elements when plotted against SiO 2 contents (Figure 10 ), some linear trends can be traced. Different linear trends distinctly separate rocks of the dioritic suite from those of the gabbroic one (including two samples of gabbro and gabbroic diorite) especially in the SiO 2 vs. Rb, Sr, Ba, or La diagrams. The trends are, however, consistent with the results of the major-element statistical test in showing that the intrusive rocks are similar in their elemental concentrations but not identical. Very low Rb/Sr ratio in the gabbroic (0.03 to 0.05) and dioritic rocks (0.05 to 0.11) documents primitive source of rocks. Explanation: Two incorrect data of 73E sample have been deleted and due to the presence of data from wall rock remaining zircons, resulting age for this sample is taken from 5 coherent groups of zircon. (Figure 11 ), all samples are plotted slightly to the right of the so-called ''mantle array" and near the depleted mantle.
Sr-Nd isotopes
Discussion
Magma source 5.1.1. REE geochemistry
The parallel trend of chondrite-normalized (Boynton, 1984) REEs pattern in intermediate intrusive rocks suggests a similarity of magmatic processes during the formation and difference in their REEs enrichment pattern with the mafic bodies, suggesting their different origin and/or magmatic process during the evolution. The LREE/HREE enrichment in dioritic rocks is an indicator of crustal contamination or melts created in subduction zones by low degrees of partial melting (Zulkarnain, 2009; Helvacı et al., 2009; Nicholson et al., 2004; Asiabanha et al., 2012; Rollinson, 2014) . The REE pattern and relatively moderate enrichment of (La/Yb) N and (Ce/Yb) N in the intermediate intrusions show that parent magma formed at a shallow depth, outside the stability field of garnet (lack of garnet at the source) or formed by low degrees of partial melting (Defant and Drummond, 1990) . These ratios for dioritic rocks are less than those of magmas (La N /Yb N > 20, e.g., Martin, 1987) whose source contains garnet; therefore, spinel/amphibolite may be present in residual.
The absence or slight negative Eu anomaly (Eu/Eu* = 0.81 to 1.02) could be due to several factors, including (1) nondifferentiation of plagioclase from primary magma; (2) the suspension of plagioclase differentiation due to the high content of magmatic water; (3) presence of Eu mainly as Eu 3+ at high oxidation conditions; therefore, only small amounts of Eu 2+ will be available for incorporation in plagioclase (Drake and Weill, 1975; Frey et al., 1978; Hanson, 1980; Richards et al., 2012) . In spider diagrams of the primitive-mantle-normalized trace elements (Sun and McDonough, 1989;  Figure 9a) , it is seen that all of the intrusive rocks are enriched in highly incompatible elements such as LILEs (e.g., Cs, Rb, Ba, K, and Sr), and are depleted in HFSEs (e.g., Nb, Ti, and Zr). This high LIL/HFS pattern is now recognized as a distinctive feature of subduction-related magmas and signature of crustal contamination in the volcanic arcs of continental active margins (Gill, 1981; Pearce, 1983; Rollinson, 1993; Thirlwall et al., 1994; Wilson, 1989; Winter, 2001) . Geochemical data such as Nb depletion (Taylor and McLennan, 1985; Hofmann, 1997) , a distinct enrichment of Rb, Ba, K, Th, La, and Ce (Jamali, 2017) along with the Sr-Nd isotopic composition (Jung, 1999) demonstrate the important role of crustal assimilation during the magmatic evolution of the Hamech intermediate intrusions unlike the mafic rocks.
To determine the source composition, the Sm/Yb vs. La/Sm (Figure 12a ) and Gd/Yb vs. La/Yb (Figure 12b ) diagrams were used (Shaw, 1970) . These diagrams show that dioritic rocks originated from 1% to 3% partial melting of a spinel ± garnet lherzolite mantle while the mafic bodies originated from more than 8% partial melting of the depleted mantle with the spinel lherzolite composition. A low TiO 2 content and, consequently, high CaO/TiO 2 and Al 2 O 3 /TiO 2 ratios with possibly low Ti/V and Ti/Sc ratios confirm that mafic rocks originated from a depleted mantle (Crawford et al., 1989) with spinel combination (Temizel and Arslan, 2009) .
Low (Ce/Yb) N ratios for intermediate intrusive rocks (4.87 to 7.07) and mafic bodies (0.52 to 0.78) indicate that parent magma originated from upper parts of the mantle, (Middlemost, 1985) , (b) Al 2 O 3 /Na 2 O + K 2 O (molar) vs. Al 2 O 3 /(CaO + K 2 O + Na 2 O) (molar) diagram (Shand, 1949) , (c) K 2 O vs. SiO 2 diagram (Peccerillo and Taylor, 1976) for the studied Hamech intrusive rocks. low depths for intermediate intrusions (Cotton et al., 1995) , and much shallower depths for mafic intrusives. The data from the Ce/Yb vs. Sm/Yb graph (Wang et al., 2002) confirm this motif very well (Figure 12c) .
The Ce/Sm and Sm/Yb ratios (COBAN, 2007) in the Hamech intrusions vary from 8.85 to 10.33 and from 1.85 to 2.68 for dioritic rocks and from 2.44 to 3.17 and from 0.83 to 0.95 for gabbroic units, respectively. These ratios indicate that there is no garnet or it is rarely present as remaining mineral at the source of dioritic rocks (Figure  13a ), which confirms previous information. According to La/Sm vs. Sm/Yb diagram (Kay and Mpodozis, 2001 ); pyroxene and amphibole existed at the source of dioritic rocks and pyroxene at the source of gabbroic rocks ( Figure  13b ). Clinopyroxene and amphiboles are stable at depths less than 35 km and 30 to 45 km, respectively (Kay and Mpodozis, 2001 ). Due to the lack of garnet at the source of gabbroic rocks, we suggest that their parent magma was formed at depths less than 50 km because garnet appears at depths greater than 45-50 km.
The Th/Yb vs. Ta/Yb diagram (Pearce, 1983) can be used to define magmatic source. According to this diagram (Figure 13c ), dioritic rocks originated from enriched mantle and they are plotted parallel to the mantle metasomatism orientation. In Ba/La vs. Th/Nd diagram (Shaw, 1970) , slab-derived fluids can be considered to be the main factor of metasomatism (Figure 13d ) during dioritic rock formation.
Rb-Sr and Sm-Nd isotopic consequences
The similar initial Sr and Nd isotopic compositions in each of intermediate intrusions and gabbroic rocks separately suggest a considerable difference and consequently different characteristics in their origin. In addition, isotope characterization indicates that these rocks are epigenetic, (Boynton, 1985) . (b) Primitive Mantle-normalized REE diagram for the Hamech intrusive rocks (Sun and McDonough, 1989) . Nd ratios were calculated using the crystallization age of 38.2 Ma for intrusive rocks including 2.1E (diorite), 19E (monzonite), 50E (monzonite), 97E (diorite), and 36.9 Ma for gabbroic rocks, i.e. 73E (gabbro) and 74E (gabbro), respectively. The CHUR value (Chondritic Uniform Reservoir) to determine the initial isotopic compositions of studied rocks taken from DePaolo, 1988. being derived from the different parental magmas by magmatic differentiation processes. The recorded small variation of isotopic ratios in the same groups, in the intermediate intrusions, can be attributed to either the varying crustal assimilation (but always in small degrees) or heterogeneity in the magma source (Nabatian et al., 2014) . As mentioned by Arjmandzadeh et al. (2011) and Menzies et al. (1993) , the hydrothermal alteration may also cause some displacement of their isotope composition and consequently higher 87 Sr/
86
Sr ratio. The fact that mobility rate of Sr relative to the REEs is more than five times higher during the postmagmatic hydrothermal alteration was presented by researchers such as Anderade et al. (1999 According to Chappell and White (1974) , the values of ( 
Fractionation and assimilation
The primary cause of change in the composition of magma is cooling, which causes the magma to begin to crystallize minerals from the melt or liquid portion of the magma (Fractional crystallization; FC). Contamination is another cause of magma differentiation. Contamination can be caused by assimilation of wall rocks (assimilation), mixing of two or more magmas or even by replenishment of the magma chamber with fresh, hot magma (mixing). These three processes cause the most effective changes in the composition of the magma that will be produced.
In this section, we are trying to use trace element constraints on the relationship between two groups of rocks in the study area, i.e. gabbros and diorites. (Taylor and McLennan, 1985) ; lower continental crust (Rollinson, 1993; Rudnick, 1995) with those of MORB (Sun and McDonough, 1989; Rollinson, 1993) , DM (McCulloch and Bennett, 1994) , OIB (Vervoort et al., 1999) , IAB (Arjmandzadeh and Santos, 2014) , and mantle array (Gill, 1981; Wilson, 1989; McCulloch et al., 1994) . DM, Depleted Mantle; EM I and EM II, enriched mantle sources. mixing processes in the evolution of the intrusive rocks.
For this purpose, Hamech intrusive rocks plotted in the La vs. Nb and V/Co vs. La/Sm diagrams ( Figures  15a and 15b ). These diagrams show examples from the evolution of calculated trace element ratios for models of: (1) fractional crystallization (FC); (2) assimilation fractional crystallization (AFC); and (3) a binary mixing model. The observed trends appear to be consistent with an evolution of the dioritic rocks by AFC process from a magma of different composition to the gabbroic rocks. This model is consistent with the observed trends and could also account for the discrete trace element patterns. Gabbroic rocks show more compatibility with FC trend. However, the mafic samples plot near the source that shows low degree of fractional crystallization from a different magma of the dioritic rocks (Figure 15 ).
Tectonic setting
In order to determine the tectonic setting of the Hamech intrusive rocks, Rb vs. Ta + Yb (Figure 16a ) and Ta vs.
Yb diagrams (Figure 16b) by Pearce et al. (1984) were used. The studied rocks plot largely in the fields of volcanic arc granitoids (VAG). Also, in the La/Yb vs. Th/ Yb (Condie, 1989) and Rb/Zr vs. Nb (Brown et al., 1984) diagrams, the Hamech intrusive rocks fall into the field of continental margin arc (Figures 16c, 16d ) and into the low maturity arc field (Figure 16d) . Most of the Eocene magmatic rocks of Iran show these features, probably due to the low thickness of crust at this time (please see Richards et al., 2012; Jamali, 2017) .
Geodynamic implications
The eastern part of Iran had a complex tectonic history related to the evolution of Sistan Ocean, with its remnant known as the Flysch Zone between Lut and Helmand Blocks. This ocean probably was opened by the Early Cretaceous (Babazadeh and de Wever, 2004) and its generation has been in progress during Middle Cretaceous (Zarrinkoub et al., 2012) . The mechanism and final closure time of the Sistan Ocean (Middle Eocene or Late Cretaceous) remain poorly understood. Various models of evolution are presented for this ocean, involving extensional tectonic setting (Jung et al., 1983; Tarkian et al., 1983; Samani and Ashtari, 1992) along with other subduction theories like eastward subduction beneath the Afghan Block (Camp and Griffis, 1982; Tirrul et al., 1983) , western subduction beneath the Lut Block (Zarrinkoub et al., 2012) , eastward intraoceanic subduction (Saccani et al., 2010) , and two-sided subduction , and northeastward subduction beneath the northcentral Lut Block (Saadat and Stern, 2016) have been put forward in this regard.
Although most of the processes and developments in tectonics, magmatism, and metallogeny are justifiable by two-sided asymmetric subduction hypothesis, as mentioned by Karimpour et al. (2007) , abundant intrusive bodies in the Lut Block might be formed under different tectonic conditions that should be considered. According to the fact that two-sided subduction is not common in subduction zones, the age of intrusive rocks decreases from the north to the south of the Lut Block (from 43.3 Ma. in Kaybar Kuh to 33.3 Ma. in Chah-Shaljami; Figure  1 ). Moreover, considering the parallel repeated exposure of ophiolitic outcrops (Figure 1 ; black color) in the NW-SE direction in the NW part of the Flysch Zone, we suggest that Sistan Ocean had branches at its northern end, and its closure starts from the north without emphasis on subduction under the Afghan Block. Subduction under the Lut Block caused extensive magmatism at Tertiary (Eocene to Oligocene) window of eastern Iran. This hypothesis (Figure 17 ) is in line with those confirm subduction under the Lut Block.
Conclusions
The exposed intrusions in the Hamech area are mainly composed of two groups including intermediate rocks (dioritic to monzonitic rocks; 38.2 ± 1 Ma-Bartonian) and mafic bodies (gabbroic rocks; 36.9 ± 1 Ma-Priabonian) (Pearce, 1983) for the Hamech intrusive rocks (d). Ba/La vs. Th/Nd diagram (Shaw, 1970) that indicates all the samples follow the slab-derived fluid melt array.
that intruded into a little older volcanic rock (andesite to dacite; 38.6 ± 1 Ma-Bartonian). These intrusions are metaluminous, I-type high-K calc-alkaline tholeiitic composition.
Geochemical data demonstrate that parent magmas of the Hamech intrusions originated from partial melting of an enriched mantle with spinel ± garnet lherzolite for dioritic rocks and from depleted mantle with spinellherzolite composition for gabbroic rocks. Whole-rock geochemistry as well as isotope characteristics show that intrusive rocks in the Hamech area cannot have been derived from the same magma. The parallel trend of REEs pattern in dioritic and gabbroic rocks suggests a similarity of magmatic processes during the formation, separately. Meanwhile, dioritic rocks display similar averaged values of trace elements higher than those of gabbroic types. Also, difference in their REEs enrichment pattern, suggests their different origin and/or magmatic process during the evolution. The LREE/HREE enrichment in dioritic rocks is an indicator of crustal contamination or melts created in subduction zones by low degrees of partial melting.
The similar initial Sr and Nd isotopic compositions in each of intermediate intrusions and gabbroic rocks separately, suggest a considerable difference and consequently different characteristics in their origin (at least two parental magmas). The positive values of (Brown et al., 1984) . All data suggest that the Hamech intrusions have been derived from mantle and crustal end members but the mantle component seems to be enriched due to previous subduction in a low maturity continental margin arc setting related to the convergence of the Afghan and Lut Blocks during subduction of Sistan oceanic crust at the Eocene.
